. Purpose: The aim of the present study is to investigate: a) the leg spring behavior in the one-leg vertical jump, b) the contribution of impulse parameters to this behavior, and c) the effect of jumping expertise on leg stiffness. Methods: Four categories of experts (handball, basketball, volleyball players, and Fosbury athletes), as well as novice subjects performed a run-and-jump test to touch a ball with the head. Five experimental conditions were tested from 55 to 95% of the maximum jump height. Kinematic and kinetic data were collected using six cameras and a force plate. Results: The mechanical behavior of the musculoskeleton component of the human body can be modeled as a simple mass-spring system, from which leg stiffness values can be extracted to better understand energy transfer during running or jumping. The results indicate that leg stiffness (mean value of 11.5 kN·m Ϫ1 ) decreased with jumping height. Leg shortening at takeoff also increased with jumping height, whereas contact time decreased (Ϫ18%). No difference was found between experts and novices for leg stiffness. However, a principal components analysis (PCA) indicated the contribution of two main factors to the performance. The first factor emerged out of vertical force, stiffness, and duration of impulse. The second factor included leg shortening and jumping height. Conclusion: Differences between experts and novices were observed in terms of the contribution of leg stiffness to jump height, and more importantly, clear differences existed between experts in jumping parameters. The analysis performed on the sport categories indeed revealed different jumping profiles, characterized by specific, sport-related impulse parameters.
D
uring running or bouncing, bipedal animals use musculoskeletal springs to alternately store and restitute elastic energy (5) . In the run-and-jump transition, muscles, tendons, and ligaments collectively behave like a linear spring, store kinetic energy during the run-up, and restitute it during the jump in the form of potential gravitational energy. Simple mass-spring systems consisting of a single linear spring representing the leg, attached to a point summarizing body mass, have been shown to capture efficiently the mechanics of running or jumping (4,10,18 -20) .
The stiffness of the spring (i.e., leg stiffness or k leg ) can be defined in different ways and at different levels of analysis. First, k leg can be understood as an analytic mechanical concept, and calculated by the sum of all joint stiffnesses. This method allows the assessment of the internal behavior of the joints (12) . Second, k leg can be approached as a general mechanical concept, and computed by the ratio of the maximum vertical ground reaction force on leg shortening (15, 19) . Another recent method to estimate k leg introduces wobbling masses (20) , allowing the prediction of a more realistic passive peak, due to the soft tissues of the leg.
Up until now, two main jumping behaviors have been investigated for accessing k leg : hopping in place at a given frequency, and the drop jump. During hopping, k leg increases with hopping frequency and/or hopping height (9, 14) , and is modulated to accommodate the changes due to the compliance of the support surface (11) . Here k leg primarily depends on ankle stiffness (12) , and changes as a function of gender (15) . During the drop jump, k leg appears to be sensitive to jumping instructions, and is scaled to contact time (3) .
The dynamics of k leg in one-leg vertical jumps (such as in high jumping) is still unknown. Only one study has investigated the contribution of k leg to the performance in (horizontal) long jumping (20) . The complementary findingsthat a minimum value of stiffness is required for an optimal performance (k leg ϭ 16.2 kN·m Ϫ1 ), and that for any given stiffness there is an optimum angle of attack-suggest that k leg is a decisive, although not unique, variable contributing to jumping performance. However, vertical and horizontal jumps differ in many mechanical ways (2) , and the contribution of k leg to performance in high jumping may differ. The goal of the present study is to investigate: a) the leg spring behavior in the one-leg vertical jump, b) the contribution of impulse parameters to this behavior, and c) the effect of jumping expertise on k leg .
METHODS
Twenty-three male subjects participated in this study. They were grouped in five different categories: four Fos-bury athletes (mean jump performance of 2.08 Ϯ 0.04 m), five volleyball players, four handball players, five basketball players (all playing at the national level), and five novices in jumping sports. The distinction between novices and experts was based on two main factors. Long experience in jumping practice in their respective sport was a first criterion characterizing the expert population. All experts had a minimum of 5 yr of practice in jumping, with a minimum of one training session every week. The second factor was the competitive level of practice. A minimum of 5 yr at the national level (French championship) was required to be tested in this study. All experts in all tested sports (volleyball, Fosbury, basketball, and handball) met this criterion. Novices were subjects with no consistent experience or training in jumping. They had, of course, never participated in any jumping competition.
In accordance with the ethical principles of human research experiments issued by the University of Paris XI, each volunteer signed an informed consent statement after receiving oral and written description of the procedures as well as the risks and benefits of participation of this study. Their main anthropometrical characteristics are summarized in Table 1 .
Task and Procedure
Baseline test. All participants began with a one-leg maximum vertical jump test. In that test, participants were asked to run over 5 m, jump with one foot, and touch a target with the top of the head (Fig. 1) . The target was a smooth ball (25 cm in diameter) attached to the end of a thread going over a pulley that could be manipulated by the experimenter. The test was repeated until the maximum jumping height was found. The maximum height was assessed with a precision of Ϯ1 cm by increasing the target of 2 cm when the lower target was touched with the head, and was used as a reference for designing the five conditions of the experimental session. The test stopped when the subject failed to touch the target.
Experimental test. After a 10-min rest, the experimental test started. Each trial was considered successful when there was a "smooth" contact of the head with the ball. Five experimental conditions were tested, corresponding to 55, 65, 75, 85, and 95% of the maximum height obtained during the baseline test. There were five trials per condition, presented in a randomized order, and counterbalanced over participants to avoid order effects. Each experimental session lasted about 30 min, including a 1-min rest every five trials. Impulse parameters were recorded with a force plate during the experimental session, as described below.
Data Collection and Analysis
We collected the kinetics and the kinematics of each experimental trial. For the kinetic data, a 40 ϫ 40 cm AMTI OR 6-5 force plate was positioned at the end of the run-up and at the same level. The horizontal distance between the force plate and the vertical plane containing the ball was adjusted for each participant so that the last impulse could be produced in the middle of the force plate in a comfortable position. The force plate sampling frequency was 600 Hz. The vertical ground reaction force was extracted from the impulse signal at takeoff. For the kinematic data, the motion of body segments was recorded in 3D with a 6-MCAMcameras 640-VICON motion analysis system, at a sampling rate of 120 Hz. Thirty-five reflecting markers were positioned on various parts of the body (top of the head (N ϭ 4); shoulders (N ϭ 2); wrists (N ϭ 2); forearms (N ϭ 2); elbows (N ϭ 2); arms (N ϭ 2); sternum, C7, back, and hip (N ϭ 4); thighs and knees (N ϭ 2); shins (N ϭ 2); ankles (N ϭ 2); heels (N ϭ 2); and toes (N ϭ 2). A 3D-32 segment-human body model was reconstructed, and the position and motion of the body center of mass were computed using Chandler et al.'s (6) biomechanical model.
A spring-mass model, which consisted of a mass attached to a single linear massless spring, was used to analyze the mechanics of the jump (12, 19) . We considered leg stiffness as a general mechanical concept that captures the global behavior of the body during the jump. During the contact phase, leg length was defined as the distance between the body center of mass and the ball of the foot, considered as the rotational center of the system during ground contact. Leg stiffness was defined as the ratio of the maximal ground reaction force F max during the active peak to the leg shortening ⌬r (3) at the time of maximum leg shortening (Fig. 2) , namely: 
Variables and Takeoff Parameters
For each trial, the following variables were computed: Constant and absolute errors (CE and AE). Because the goal of the task was to achieve a smooth contact between head and target, the difference between the position of the top of the head and the target when both crossed the same frontal plane was computed and used to obtain CE and AE. A positive CE indicated a contact with the target, and a negative CE indicated no contact:
where x represents the value of the variable, and N the number of values. Maximal vertical ground reaction force (F max ). F max was obtained from the force plate values by direct reading capturing by the software 3Dvision. F max was calculated at the maximum value of the active peak of the force-time curve. Ground reaction force was normalized to each subject's body weight.
Ground contact time (CT). This was the time of contact with the ground on the last step, that is, between touchdown and takeoff.
Angle swept by the center of mass during the ground contact phase (␣), measured from touchdown to takeoff. From geometric considerations, and because the takeoff angle is constant, an equation for calculating ␣ from the time of foot contact with the ground (CT), the forward speed (u), and the initial leg length (L 0 ) was obtained (19) :
RESULTS
The absolute error for each participant and each condition was less than 10%. We therefore decided to analyze all trials. However, technical problems with the reconstruction process (glitches, phantom markers, etc.) prevented us from reconstructing 8% of the trials. In total, 470 trials were reconstructed, processed, and analyzed. All results are summarized in Figure 3 .
Constant and absolute errors. Mean value of CE was Ϫ0.42 cm. The mean ratio of CE was about 1% of the required height, suggesting that the regulation of the jump was successful. A two-way ANOVA (expertise ϫ height) with repeated measures on the second factor revealed a significant effect on CE for height [F(4,64) ϭ 17.49, P Ͻ 0.05], with lower heights being slightly overestimated and larger heights slightly underestimated. However, AE (mean of 3.3 cm, SD ϭ 1.2) did not differ between conditions [F(4,64) ϭ 2.44], and represented about 4% of the participants' spring.
Jumping height. The vertical displacement of the center of mass during the aerial phase varied between 76 cm for the Fosbury athletes (82 cm was the highest value) and 58 cm for the novices (52 cm was the lowest value). Overall, the mean displacement was 67 cm (SD ϭ 7.5). A two-way ANOVA (expertise ϫ height) revealed a significant main effect for height [F(4, Maximal ground reaction force. The mean absolute value of F max was 2310 N (SD ϭ 334 N), and ranged from 1102 to 3044 N. The mean relative value of F rel (F rel ϭ F max /mg) was 3.21 ϫ body weight (SD ϭ 0.41), and ranged from 2.03 to 3.89 ϫ body weight. Using a normalized value of the force variable (F rel ϭ F max /mg), the relative force was found to be higher for the Fosbury athletes (3.5 times the body weight) and lower for the volleyball players (2.8 times the body weight). A two-way ANOVA (expertise ϫ height) performed on F rel showed a significant effect of height [F(4,64) ϭ 11.50], indicating larger values of F rel as height was increased.
Ground contact time (CT). Mean ground contact time was 255 ms (SD ϭ 31 ms), with lowest and highest values Angle swept by the leg. ␣ had a mean value of 16°( SD ϭ 2.17°) across heights and types of expertise, with values ranging from 10 to 20°. A height ϫ expertise ANOVA yielded no significant effect of height [F(4,64) ϭ 1.03, NS], suggesting that ␣ did not contribute in itself in a crucial way to the performance. However, a significant effect was found for expertise [F(4,16) ϭ 7.48, P Ͻ 0.01] that revealed interesting differences between groups. A post hoc Scheffe test indicated a significant difference between the Fosbury athletes and the three other sports categories: basketball, volleyball, and handball (P Ͻ 0.05). The angle swept by the leg was lower in this study than the value found (7, 8) in high jumping (16 vs 20°), which could be explained by the short run-up of our task. The increase in this angle when the target height increases was observed for the three categories: ϩ3.7°for the handball players, ϩ2.91°for the Fosbury athletes, and ϩ1.2°for the basketball players between block 1 and block 5. Thus, a common motor strategy consisting of increasing the angle swept by the leg appears to exist.
On the other hand, a second profile appears for the novices and the volleyball players, with no change in ␣ between low and high jumps. In Figure 4 we can observe that for the volleyball players this angle does not vary with the blocks, but for the novices this angle varies randomly.
Leg shortening. Following Seyfarth et al. (20), we measured the leg shortening ⌬r at the maximum compression of the spring (see Fig. 2 ). ⌬r had a mean of 20.4 cm (SD ϭ 3.2 cm) across height and expertise, with values ranging between 12.2 and 30 cm. A height ϫ expertise ANOVA performed on ⌬r revealed a main effect of height [F(4,64) ϭ 36.86, P Ͻ 0.01], indicating a 22% increase in ⌬r as target height increased from 55 to 95%. The type of expertise did not affect ⌬r, F(4,16) ϭ 2.09, and these two effects were independent, as suggested by the height ϫ expertise interaction that failed to reach significance, F(16,64) Ͻ 1. In sum, increasing the compressing of the spring as target height increased was a natural behavior shared by all experts.
Leg stiffness. The stiffness of the leg (k) is the ratio between F max and the maximal ⌬r (equation 1), and is thus not independent on these two variables. Mean values of k leg were 12.3, 12, 11, 10.8, and 10.4 kN·m Ϫ1 in the five experimental conditions. k leg differed between height conditions [F(4,64) ϭ 20.01, P Ͻ 0.01], revealing an interesting decrease in leg stiffness as the target height was increased without showing any difference between groups.
Principal components analysis (PCA). The goal of the PCA was to determine whether (and which of) the interdependent variables could be reduced to a smaller number of factors. The PCA was performed only in the 95% condition. The number of components was determined by the number of eigenvalues higher than 1, using an orthogonal rotation of the variables in the original data set (normalized VARIMAX). Two factors emerged out of the PCA (Table 2) , accounting for 76% of the total variance. The first component, which accounted for 44.54% of the variance, associated k leg (Ϫ0.750), F rel (Ϫ0.904), and CT (0.794). Negative loading of both force and stiffness indicated a relationship between impulse duration and the possibility of increasing leg stiffness using ground reaction force. This negative relation echoes the analysis performed by Arampatzis et al. (3), which showed an increase in leg stiffness due to a decrease in contact time. The second factor, accounting for 31.64% of the total variance, associated ⌬r (0.883) and jumping height (0.925). It indicated that compressing the leg's spring was a common strategy adopted by all participants to increase jumping height.
Plotting mean individual scores on the two principal components allowed us to investigate potential differences between experts. In Figure 5 , the x-axis corresponds to the first principal component, bringing CT, k rel , and F rel together. This profile mostly characterized the volleyball jumpers, with high-factor scores ranging from 2 to 3.5. Basketball players were also close to this profile, with lower factor scores ranging from 0 to 1.5. The y-axis in Figure 5 corresponds to the second principal component. High jumpers revealed high-factor scores on this axis, with values ranging from 2.5 to 3.5, indicating a decisive leg shortening. Novices revealed negative factor scores (from 0 to 3), indicating that small jumps were associated with a small ⌬r.
DISCUSSION AND CONCLUSION
The aim of this study was to assess the contribution for different jumping experts of leg stiffness to jumping height. Overall, the task was performed in a satisfactory way by all categories, without differences in absolute or constant errors (CE Ͻ 1% and AE Ͻ 4%). The experts (69 cm) jumped significantly higher than the novices (58 cm). Normalized ground reaction forces and leg shortening increased with imposed height, whereas contact time and leg stiffness decreased. The angle swept by the leg did not change with height (about 16°), but discriminated experts from novices.
Contribution of leg stiffness to jumping height. The mean value of k leg found in our run-and-jump task (mean of 11.5 kN·m Ϫ1 ) did not greatly differ from that found in running (12-15 kN·m Ϫ1 ; (13)) or long jumping (14 -16 kN·m Ϫ1 ; (20)). However, contrary to these studies, all participants in the one-leg jump task were found to decrease their leg stiffness by about 15% when imposed height changed from 55 to 95%. Accounting for this decrease in k leg was a small increase in maximum vertical force and a large increase in leg shortening when compared with other results. For instance, mean leg shortening was 20.4 cm in the present study, much greater than the value found in running (14 cm; (13)), in long jumping (17 cm; (20) ), or in hopping in place (8 cm; (12, 15) ). The observed decrease in k leg with jumping height is also in contradiction with Farley et al's (9) results that indicated an increase in k leg with hopping height in the task of hopping in place. An obvious reason underlying this difference can be found in the task performed (one-leg jump vs two-leg jump). In the run-andjump task, participants must change the kinetic energy stored during the run into potential gravitational energy, and additional parameters, such as the angle swept during the ground contact phase, can be modulated for this purpose. Due to the severe constraints imposed on the running phase (5 m), a large amount of kinetic energy cannot be stored during that phase, yielding large contact time (255 ms). This in turn accentuates the eccentric phase and the shortening of the leg, preventing a large increase in vertical ground reaction force (17, 21) . Moreover, the short running phase certainly reduces the stretch shortening cycle, and does not allow an efficient transformation of kinetic energy in potential gravitational energy (16) . Thus, physiological and mechanical properties of the run-and-jump task explain the modest increase in vertical ground reaction force as well as the large increase in leg compression (1) , together resulting in the observed decrease in leg stiffness with jumping height. 
PCA and expertise
Earlier studies in drop jumping and running have evidenced a negative relationship between contact time and leg stiffness (3, 13) . This negative relationship was not directly observed in our study. The type of jump studied may explain this difference, as indicated above. However, it is also possible that other jumping parameters play a role in jumping performance and modulate the contact time-leg stiffness relationship. The PCA was used to capture this relationship among variables, and its first component indeed indicated that the negative relation between contact time and k leg was somehow crossed with a positive relation between contact time and the vertical force F max .
Thus, the PCA appears to be an efficient method for determining which variables contribute to the behavior of leg stiffness. The PCA had another advantage on classical methods, in allowing the discrimination of jumping expertise and categories. Differences between experts and novices were observed in terms of the contribution of k leg to jump height, and more importantly, clear differences existed between experts in the jumping profiles.
A temporal structure of the jump was shown to be specific to volleyball players, with long impulse, low level of vertical ground reaction force, and small value of leg stiffness. The specificity of this sport could explain such a behavior: volleyball players do not produce direct confrontation, but the optical regulation of the ball's approach and of the opponent's movement is necessary to achieve an attack. This implies keeping the feet in contact with the ground for a long period of time before takeoff. The long time of impulse involves a low level of leg stiffness (3); thus, the model captures efficiently that behavior. In addition, the vertical performance of volleyball players was 65 cm, and the value of the leg stiffness was low (10.7 kN·m Ϫ1 ). The angle swept by the leg was constant (about 16°), independent of the target's height.
A heterogeneous and neutral profile characterized handball and basketball players, with no distinctive differences between the two components. Handball and basketball activities involve a high level of constraints, with direct confrontation between the opponents, where the jumps must be highly adaptive. However, few differences have been found between these two jumping categories. Thus, handball players used the increase of the angle swept by the leg as regulator parameter: the mean value of this angle was about 13.5°in the low-target condition, and increased to 17°in the high-target condition. This argues for a motor control signature specific to the sport category. On the other hand, basketball players do not show such a characteristic profile, with variables that keep very independent of the height of the target.
Fosbury athletes, in contrast, are based on the second component of the model, revealing an important leg shortening involving a good vertical performance (75 cm). The principal parameter used by Fosbury athletes to maximize performance was the increase in the angle swept by the leg, shifting from a mean value of 14°in the low condition to 15.8°in the highest condition. This behavior is very close to the one found with the handball players. This argues for a similar type of impulse task in these two sports: a running vertical one-leg jump to clear either a bar or a human defensive wall.
Lastly, novices are based on a negative value of the second component of the PCA, showing a low leg shortening associated with a low vertical performance (58 cm). The typical behavior of novices was a nonadaptative utilization of the impulse parameters, with a very unpredictable change of values with the increase of the target.
To conclude, this study reveals two main results. First, the leg stiffness was not used to increase the height of the jump during a short running one-leg vertical jump. Second, the analysis performed on the sport categories indicates the existence of different jumping profiles, characterized by specific, sport-related impulse parameters.
This argues for a motor control signature, as a potential trace of expertise. This result encourages us to investigate this concept of motor control signature in different types of jumps.
